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Abstract: Locomotor recovery after incomplete spinal cord injury (iSCI) is influenced by spinal and
supraspinal networks. Conventional clinical gait analysis fails to differentiate between these components.
There is evidence that corticospinal control is enhanced during targeted walking, where each foot must
be continuously placed on visual targets in randomized order. This study investigates the potential of
targeted walking in the functional assessment of corticospinal integrity. Twenty-one controls and 16 indi-
viduals with chronic iSCI performed normal and targeted walking on a treadmill while electromyograms
(EMGs) and kinematics were recorded. Precision (% of accurate foot placements) in targeted walking
was significantly lower in individuals with iSCI (82.9±14.7%, controls: 94.9±4.0%). While the over-
all kinematic pattern was comparable between walking conditions, controls showed significantly higher
semitendinosus activity before heel-strike during targeted walking. This was accompanied by a shift of
relative EMG intensity from 90-120Hz to lower frequencies of 20-60 Hz, previously associated with corti-
cospinal control of muscle activity. Targeted walking in iSCI individuals evoked smaller EMG changes,
suggesting that the switch to more corticospinal control is impaired. Accordingly, mildly impaired iSCI
individuals revealed higher adaptations to the targeted walking task than more-impaired individuals.
Recording of EMGs during targeted walking holds potential as a research tool to reveal further insights
into the neuromuscular control of locomotion. It also complements findings of preclinical studies and
is a promising novel surrogate marker of integrity of corticospinal control in individuals with iSCI and
other neurological impairments. Future studies should investigate its potential for diagnosis or tracking
recovery during rehabilitation.
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Locomotor recovery after incomplete spinal cord injury (iSCI) is influenced by spinal and 
supraspinal networks. Conventional clinical gait analysis fails to differentiate between 
these components. There is evidence that corticospinal control is enhanced during 
targeted walking, where each foot must be continuously placed on visual targets in 
randomized order. This study investigates the potential of targeted walking in the 
functional assessment of corticospinal integrity. Twenty-one controls and 16 individuals 
with chronic iSCI performed normal and targeted walking on a treadmill while 
electromyograms (EMGs) and kinematics were recorded. Precision (% of accurate foot 
placements) in targeted walking was significantly lower in individuals with iSCI 
(82.9±14.7%, controls: 94.9±4.0%). While the overall kinematic pattern was comparable 
between walking conditions, controls showed significantly higher semitendinosus activity 
before heel-strike during targeted walking. This was accompanied by a shift of relative 
EMG intensity from 90-120Hz to lower frequencies of 20-60 Hz, previously associated with 
corticospinal control of muscle activity. Targeted walking in iSCI individuals evoked smaller 
EMG changes, suggesting that the switch to more corticospinal control is impaired. 
Accordingly, mildly impaired iSCI individuals revealed higher adaptations to the targeted 
walking task than more-impaired individuals. Recording of EMGs during targeted walking 
holds potential as a research tool to reveal further insights into the neuromuscular control 
of locomotion. It also complements findings of preclinical studies and is a promising novel 
surrogate marker of integrity of corticospinal control in individuals with iSCI and other 
neurological impairments. Future studies should investigate its potential for diagnosis or 
tracking recovery during rehabilitation.  
Keywords: neuromuscular control, corticospinal control, targeted walking, locomotion, 
























































































































































































































































































After incomplete spinal cord injury (iSCI), residual sensory and/or motor function below 
the lesion may allow full or partial recovery of locomotor function
1,2
. Locomotion is a 
complex motor task that is controlled by different neural systems including cortical and 
subcortical brain areas, spinal networks and afferent feedback
3
. It is assumed that relative 
cortical contribution to locomotion in humans compared to animals is phylogenetically 
greater due to demands of bipedal gait
4,5
.  
Clinical walking tests and gait analysis of ordinary walking are used to assess locomotor 
function and rehabilitation outcomes after iSCI. These assessments are, however, unable 
to separately investigate spinal and supraspinal aspects contributing to deficits and 
recovery
6
. Assessments with systematic demands on different aspects of locomotor 
control promise better characterization and monitoring of deficits and treatment effects. 
In preclinical studies, it has been shown that the contribution of the cortex during 
locomotion is increased during anticipatory locomotor adaptations to imposed, external 
demands requiring visual integration and that this adaptability is decreased after 
impairments of corticospinal structures (e.g. iSCI or motor cortex lesions)
7–10
. Similarly, 
increased corticospinal control (input from cortical centers on spinal networks via the 
corticospinal tract) to locomotion has been shown in humans during anticipatory gait 
adaptations in visuo-motor targeted walking paradigms, in which foot placement is guided 
by randomized visual cues
11–13
. Targeted walking thus represents a suitable task for the 
assessment of corticospinal control of locomotion in humans. 
Gait adaptations in such a task are achieved by sensory integration and resultant changes 
in muscle recruitment via descending pathways
14,15
, which can be quantified using 
electromyograms (EMGs). In cats, targeted walking was associated with enhanced 
activation of the semitendinosus (ST) muscle involved in controlling hindpaw placement at 
the end of swing phase, which disappeared after spinal cord hemisection and did not 

























































































































































































































































































EMG time-frequency characteristics have been used to explore neural control mechanisms 
of muscle activity by analyzing temporal aspects of motor unit action potentials
16
. EMG 
activity within the range of 20–60Hz (corticospinal drive frequencies) has been associated 
with corticospinal drive when investigated with corticomuscular and intermuscular 
coherence analysis
17–20
. Increased synchrony, suggesting common neural input, or shifts in 
relative intensity of EMGs to corticospinal drive frequencies, have been observed during 
voluntary gait pattern modifications
12,21
, including targeted treadmill walking
13
. In 





. These findings suggest that EMG frequency 
characteristics may represent a useful tool for discerning cortical contribution to dynamic 
muscle activity during gait. In dynamic movements, EMG frequency characteristics can be 
investigated using intensity analysis in time-frequency space (e.g. wavelet analysis)
25
. 
In this study, we build on recent findings to evaluate if a treadmill-based targeted walking 
paradigm with EMGs could be used to assess integrity of corticospinal control in 
individuals with iSCI. We hypothesize that control participants show more pronounced 
adaptations to a targeted walking task than individuals with iSCI which will manifest in 
greater targeting precision. We further hypothesize that these adaptations lead to 
measurable modulations of EMG amplitude and frequency characteristics, specifically 
intensity shifts to corticospinal drive frequencies. It is further investigated how changes in 
muscle activity are associated with kinematic adaptations to targeted walking. 
Materials and methods 
This study was approved by the cantonal ethics committee of Zurich, Switzerland (KEK-ZH 
2014-0004) and completed according to Good Clinical Practice (GCP) guidelines and the 
Declaration of Helsinki. All participants gave informed, written consent. 
Participants 
Individuals with chronic (>12 months since injury) iSCI were recruited at University Hospital 
Balgrist in Zurich, Switzerland, while control participants were recruited from the local area 






















































































































































































































































































they had neurological or musculoskeletal disorders which could confound movement 
analysis. Control participants were matched to the iSCI group (age, sex, weight and height) 
from a large pool of control participants (n=121). All individuals with iSCI had to be able to 
walk on a treadmill without the use of handrails. 
Experimental setup 
All study assessments were performed at the gait laboratory of the University Hospital 
Balgrist. Kinematic data were recorded with infrared cameras (Vicon UK) sampling at 200 
Hz. A set of 44 reflective markers was attached to each participant according to the Plug-
in-Gait model with additional technical locations
26
. Surface EMGs were recorded bilaterally 
with wireless transmitters (Noraxon Inc., Scottsdale, AZ, USA and myon AG, Switzerland; 
10Hz high-pass hardware filter; consistent transmitters within each participant) on the 
vastus medialis (VM), tibialis anterior (TA), gastrocnemius medialis (GM) and ST muscles 
according to the European recommendations for surface electromyography (SENIAM
27
). 
These muscles were selected due to their contributions to sagittal angular excursions 
during locomotion and their antagonistic relationship. EMGs were recorded at 1000 Hz and 
synchronized to the kinematic data (correcting wireless transmitter delays). All walking 
tasks were performed on a treadmill including a projector (Zebris FDM-T), which allowed 
the projection of target crosses onto the moving treadmill belt (Fig. 1A).  
Experimental design 
Assessments were performed in two sessions within one week. In a first session, all 
participants underwent a neurological examination by a physician to ensure that inclusion 
and exclusion criteria were met and to classify the neurological impairments in the iSCI 
group, which included the American Spinal Injury Association impairment scale (AIS)
28
 and 
the assessment of lower limb vibration sensation with a tuning fork at 4 locations (anterior 
superior iliac spine, patella, medial malleolus and dorsum of interphalangeal joint hallux), 
as a measure of proprioceptive function
29
. Participants were then familiarized with 
treadmill walking and the targeted walking task, while they were secured with a non-
weight-bearing security harness that did not impair natural movement. Treadmill speed 






















































































































































































































































































timed 25-foot walk test (T25FW, no walking aids or orthoses) and rounded to intervals of 
0.3 km/h beginning at 0.4km/h (i.e. 0.4 km/h, 0.7 km/h, 1 km/h etc.). This relative speed 
was chosen to challenge participants on an equal level according to locomotor function 
and it corresponded to a comfortable walking speed. The targeted walking task involved 
the projection of crosses (10 x 10 cm) onto the treadmill belt (Fig. 1A). The distance 
between the crosses on the treadmill was adjusted to the maximal step length and width 
of each participant, performed in a measurement of about 10 “maximally long and wide” 
steps. Crosses were projected in a randomized order (identical between participants) with 
an interval distance of 40-80% of maximal step length/width around a mean of 60%. 
Approaching crosses were visible one step in advance. In total, all participants walked in 
the familiarization session (session 1) for at least 40 minutes on the treadmill, including 
performance of the targeted walking task for around 1 minute. In session 2, an additional 
familiarization of at least 6 minutes treadmill walking was performed
30
. Afterwards, 
kinematic data and EMGs of 30-45 seconds normal treadmill walking and 1 minute 
targeted walking at V50%max were recorded resulting in a minimum of approximately 25 
strides (gait initiation and termination taking place before and after recording). Normal 
walking consisted of free treadmill walking while focusing on a cross on a screen in front of 
the treadmill. No projection on the moving belt was provided during the normal walking 
condition. Individuals with iSCI did not use walking aids, orthoses or the handrails in both 
conditions. However, some individuals were dependent on walking aids in everyday life. 
For the targeted walking task, participants were instructed to place the toe markers (on 
the second metatarsal head) as accurately as possible onto the middle of the crosses with 
each step, without endangering themselves. The targeted walking task was documented 
with a digital video camera (30 Hz) for evaluation of stepping precision. A 6-minute walk 
test (6MWT) was conducted at the end of session 2 as a quantification of community 
walking ability. Individuals with iSCI used their regular walking aids during the test. 
Data processing and statistical analysis 
Precision in the targeted walking task was evaluated manually from the video recordings. 
The criterion for an accurate placement was met when the center of a projected cross was 






















































































































































































































































































accurately hit across the duration of the task is reported as a percentage of all crosses 
presented during the targeted walking task. 
Gait events were identified from the kinematic data and defined as zero crossings of the 
heel (heel-strike) or toe marker velocity (toe-off)
31,32
. Kinematic and EMG data were 
normalized to the gait cycle (heel-strike to heel-strike, 0-100%), stance phase (heel-strike 
to toe-off, 0-60%) and swing phase (toe-off to heel-strike, 0-40%). For control participants, 
data of the left and right side were analyzed separately. For individuals with iSCI, data 
were analyzed on the more (MI) and less impaired (LI) side, determined according to AIS 
motor (first criterion) or sensory (second criterion: light touch; third criterion: pin prick) 
scores. Stumbling steps (e.g. correction steps due to loss of balance in patients or 
adjustment of foot placement after initial foot strike) were visually identified using 
kinematic data and video recordings and discarded from all analyses (except for precision). 
EMGs were bandpass-filtered (4
th
 order Butterworth, recursive) with cut-off frequencies of 
10 Hz and 500 Hz. After step normalization, every step was visually inspected and, in case 
of periods of signal loss, excluded for further EMG analysis. Root mean square (RMS) 
values were calculated for the swing and stance phase for each step cycle and muscle. To 
calculate group means and for visualization purposes, EMGs for each participant were 
smoothed with a moving average filter (window size 20 ms) and amplitudes of both 
walking conditions were normalized to the 95
th
 percentile intensity during normal walking 
before averaging over the groups. 
The EMG intensity of the filtered but non-normalized data of every step was decomposed 
into time and frequency components using a nonlinear wavelet transformation described 
in detail by von Tscharner
25
 and applied to the analysis of dynamic movements in various 
settings
13,33
. Briefly, the wavelet transformation results in the EMG intensity (square root 
of power) of every step being distributed across nine frequency bands around center 
frequencies 7, 19, 38, 62, 92, 128, 170, 218 and 271 Hz. The lowest frequency band was 
affected by the hardware filter in this study and interpretation in this band is therefore 
limited. After wavelet transformation, EMG intensity in the frequency bands was time 






















































































































































































































































































over the whole group, EMG intensity in both walking condition was normalized to the 95
th
 
percentile intensity during normal walking for each individual. The resulting muscle activity 
patterns are represented as heatmaps with time (% of gait cycle) on the x-axis, frequency 
band on the y-axis and the EMG intensity color-coded. To quantify the amount of EMG 
activity in a frequency band in a certain time window, EMG intensity can be summed over 
a period of the gait cycle. Summation in each band separately results in a discrete wavelet 
intensity spectrum, which includes the intensity quantification of the chosen period of the 
gait cycle distributed across the nine frequency bands. In order to make wavelet spectra 
independent from EMG intensity and consequently allow the comparison between 
participants and the two walking conditions, relative intensity in each frequency band is 
calculated as a percentage of the total intensity (sum of intensity in all frequency bands).. 
A higher relative amount of EMG activity in the 38 Hz band has been associated to 
increased corticospinal control demands
13
. To compare frequency characteristics of 
specific muscle activity and not noise, wavelet spectra were calculated for windows of 
physiological muscle activity within stance (0-60%) and swing (60-100%), where muscles 
were active in both walking conditions. The windows were determined manually according 
to the group average heatmaps for controls and separately for each iSCI individual. Of the 
measured muscles, TA is the only one exhibiting a two peak activity during one of the 
considered phases. Previous studies have shown differences in cortical contribution to the 
two peaks of TA activity during the swing phase
13,34
. Consequently, the two peak activity of 
TA during swing was analyzed in two separate windows. These criteria resulted in the 
wavelet spectra of the following physiological muscle activities during normal and targeted 
walking in control participants and similar individually adjusted windows for each iSCI 
individual: VM stance: 1-20% of the gait cycle; VM swing: 85-100%; TA stance: 1-30%; TA 
swing 1: 60-80%; TA swing 2, 85-100%; GM stance: 10-50%, ST stance: 1-10% and ST swing: 
80-100%.  
To investigate if changes in relative EMG intensity in frequency bands were associated with 
different impairment levels after iSCI, the difference between the two walking conditions 
was calculated for individuals with iSCI for the frequency showing the greatest change in 






















































































































































































































































































participants (control response). Furthermore, we investigated correlation of the difference 
in the 38 Hz band with clinical scores describing the impairment level of individuals with 
iSCI (6MWT, accuracy in targeted walking, light touch, LEMS, pin prick, vibration sensation 
score). 
Kinematic data were processed with Vicon Nexus 2.5 (Vicon, Oxford, UK). Markers were 
labelled according the Plug-in-Gait model and gaps in the trajectories filled with 
appropriate algorithms provided by the software. Data were filtered with a Woltring filter 
with a volume-specific mean-square-error value of 15 and modelled with the Plug-in-Gait 
model. Data were then extracted to Matlab (Matlab 2017b, Mathworks Inc., Natick, USA). 
Sagittal angles for the lower limb joints were calculated with a vector-based approach 
using the marker positions of the toe, ankle, knee and the sacrum as well as the modelled 
hip joint rotation center. After normalization, range of motion (ROM) was calculated for 
every participant for swing and stance. Endpoint trajectories were analyzed using the 
anterior-posterior and vertical position of the toe markers. Vertical zero position of the 
marker was set to marker height at normal stance and the anterior-posterior position was 
normalized to the sacrum marker.  
Statistical tests were performed using SPSS (V25, SPSS Inc., CA, USA), Matlab (Matlab 
2017b, Mathworks Inc., Natick, MA, USA) and GraphPad Prism (V7, GraphPad Software, 
Inc., CA, USA). As precision values were normally distributed (Kolmogorov Smirnov, 
Shapiro-Wilk tests and visual inspection), the two groups were compared using an 
independent t-test, which was also used to compare the more- and less-impaired legs of 
individuals with iSCI. The influence of AIS motor and sensory scores on precision were 
investigated for each leg separately using Spearman correlations (one-sided), due to the 
ordinal scale of the measures.  
Because RMS, wavelet spectra and ROM datasets were not all normally distributed, the 
normal and targeted walking conditions were compared using Wilcoxon signed-rank tests 
with Bonferroni correction for multiple comparisons across each group (corrected for 
number of muscles and side for RMS and ROM; for number of frequency bands in wavelet 






















































































































































































































































































with the most prominent change (38 Hz) was normally distributed and therefore compared 
between groups using an ANOVA. Pearson (for continuous outcomes with normal 
distribution: age and 6MWT accuracy in targeted walking) and spearman correlation (for 
ordinal or non-normally distributed outcomes: AIS light touch, lower extremity motor 
score (LEMS), pin prick score, vibration sensation score and accuracy in % during targeted 
walking) were used to investigate the relationship between this delta and variables 
describing the impairment level and the possible confounder age. 
Subgroup analysis 
The applied speed normalization resulted in different absolute walking speeds. To 
investigate the influence of walking speed on EMG patterns, we performed a subgroup 
analysis with a reduced dataset involving only the 6 fastest-walking individuals with iSCI 
and the 7 slowest control participants (several individuals walking at identical speeds 
resulted in a larger subgroup for control participants). Given the relative speed (V50%max), 
these participants exhibited equal maximal walking speeds determined in the T25FW. RMS 
and the delta of relative EMG intensity in the 38 Hz band were compared between the 
subgroups using Mann-Withney-U-tests. Given the small sample size in the subgroups, the 
values for the two legs were combined in both cohorts for the statistical analysis. 
Results 
Study population 
Control participants and individuals with iSCI did not differ significantly in terms of 
demographic or physical characteristics, while individuals with iSCI showed the expected 
neurological deficits and walked slower (Table 1). For the control group, EMG of 3 VM, 1 
TA and 1 GM were excluded due to inadequate data quality (absent signals due to 
technical issues or EMG saturation in the majority of steps). One iSCI participant was 

























































































































































































































































































Individuals with iSCI had significantly shorter maximal step length than controls and, 
therefore, performed the targeted walking task with shorter target distances (Table 1; 
independent t-test, t(35)=3.86, p<0.001). Stepping precision was significantly decreased in 
individuals with iSCI compared to control participants (t(34)=-3.58, p=0.001, one individual 
with iSCI excluded due to technical problems with video recordings). There was no 
significant difference between the more and less impaired leg of individuals with iSCI 
(independent t-test, t(28)=-0.78, p=0.44). Precision in the iSCI group was positively 
correlated with components of the AIS sensory scores (vibration: MI: r=0.51, n=15 , 
p=0.026, LI: r=0.34, n=15 , p=0.108; pin prick: MI: r=0.64, n=15, p=0.001, LI: r=-0.05, n=15, 
p=0.431; light touch: MI: r=0.45, n=15, p=0.046, LI: r=0.29, n=15, p=0.142) but not the AIS 
LEMS (MI: r=0.39, n=15, p=0.075, LI: r=0.16, n=15, p=0.291). 
EMG amplitude and activity pattern 
Control participants exhibited changes in muscle activity during the targeted walking task 
compared to that observed during normal walking (Fig. 1B & C). These adaptations were 
similar irrespective of body side. During targeted walking, VM was more active during 
swing (Wilcoxon signed-rank test, rVM swing: Z=3.85, p<0.008, n=20, r=0.61; lVM: Z=2.94, 
p=0.021, n=19, r=0.48) and stance (rVM stance: Z=2.61, p=0.072, n=20, r=0.41; lVM: 
Z=3.34, p=0.008, n=19, r=0.54) compared to normal walking. Increased VM activity 
occurred around heel-strike (i.e. in late swing and early stance phase). Compared to 
normal walking, increased TA activity was only seen during the stance phase of targeted 
walking (rTA swing: Z=0.93, p=1.0, n=20, r=0.15; lTA swing: Z=0.99, p=1.0, n=21 r=0.02; rTA 
stance: Z=3.85, p<0.008, n=20, r=0.61; lTA stance: Z=4.02, p<0.008, n=21, r=0.62). This 
increase was caused by a prolongation of TA activity beyond heel-strike without an 
increase in peak activity. GM exhibited a small, unilaterally (right side) significant increase 
in muscle activity during stance and a bilaterally significant increase during swing (rGA 
swing: Z=3.98, p<0.008, n=21, r=0.61; lGA swing: Z=4.02, p<0.008, n=21, r=0.62; rGA 
stance: Z=3.84, p<0.008, n=21, r=0.59; lGA stance: Z=2.49, p=0.104, n=21, r=0.38). This was 






















































































































































































































































































second burst during swing just before heel-strike. ST showed significantly increased 
activity during targeted walking in swing and stance (rST swing: Z=4.02, p<0.008, n=21, 
r=0.62; lST swing: Z=3.98, p<0.008, n=21, r=0.61; rST stance: Z=4.02, p<0.008, n=21, 
r=0.62; lST stance: Z=3.70, p<0.008, n=21, r=0.57). ST activity during stance was 
consistently higher during targeted versus normal walking. The increase during swing was 
characterized by a markedly higher peak muscle activity prior to heel-strike (80% – 100% 
of the gait cycle). 
Individuals with iSCI showed a lower amount of significant changes in muscle activity in 
response to the targeted walking task (Fig. 1B & D). The activity of VM around heel-strike 
was increased during targeted walking, similar to that observed in control participants (MI 
VM swing: Z=2.69, p=0.056, n=16, r=0.47; LI VM swing: Z=2.79, p=0.040, n=16, r=0.49; MI 
VM stance: Z=3.31, p=0.008, n=16, r=0.10; LI VM stance: Z=2.02, p=0.352, n=16, r=0.36). 
Significantly increased TA and GM activity during stance was only present on the LI side 
(MI TA stance: Z=2.54, p=0.088, n=16, r=0.65; LI TA stance: Z=3.10, p=0.016, n=16, r=0.55). 
Analogous to controls, GM showed a newly occurring activity before heel strike (MI GM 
swing: Z=3.05, p=0.016, n=16, r=0.54; LI GM swing: Z=3.52, p<0.008, n=16, r=0.62). 
Furthermore, a prolongation of ST activity after heel-strike resulted in significantly higher 
RMS values during the stance phase of targeted walking (MI ST stance: Z=3.10, p=0.016, 
n=16, r=0.55; LI ST stance: Z=3.10, p=0.016, n=16, r=0.55).  
Kinematics 
Control participants showed kinematic adaptions which were also similar between the two 
body sides (Fig. 2A, C-E). During targeted walking, ROM was decreased for all leg joints 
(swing > stance, Fig. 2D). In the hip joint, this was caused by a reduced hip extension at 
toe-off during targeted compared to normal walking (Fig. 2A & D). The knee was more 
flexed at heel-strike and during stance, while peak flexion during swing was reduced (Fig, 
2A). At the ankle, compared to normal walking, targeted walking was associated with less 
plantarflexion at toe-off but more around heel-strike, while dorsiflexion in early stance 






















































































































































































































































































In contrast, individuals with iSCI showed neither a significant change in hip extension at 
toe-off nor altered ankle or hip ROM during stance or swing compared to normal walking 
(2B & D). In the knee, similar changes were observed in the iSCI group to those in the 
control group (2B & D). Besides more dorsiflexion at heel-strike and an earlier onset of 
plantarflexion before toe-off in the MI leg, ankle joint excursion was unchanged during 
targeted compared to normal walking in individuals with iSCI. 
Whereas control participants performed shorter steps during targeted walking than in 
normal walking (paired t-test; right: -12.8%, t(20)=5.252, p<0.002, n=21, r=0.76; left: -
10.9%, t(20)=-5.104, p<0.002, n=21, r=0.75), the iSCI group maintained their step length 
(MI: +5.6%, t(15)=-1.699, p=0.220 n=16, r=0.40; LI: +5.9%, t(15)=-1.945, p=0.14, n=16, 
r=0.45). Control participants decreased their toe height in the early swing phase and at 
heel-strike during targeted walking, while increasing toe height during mid and late swing 
phase compared to normal walking. During targeted walking, the iSCI group only showed 
increased toe height in mid and late swing phase compared to normal walking but no 
changes of toe height in early swing phase and at heel-strike (Fig. 2C).  
EMG frequency characteristics 
Non-linear wavelet transformation revealed changes in the relative contribution of muscle 
activation frequencies at distinct points in the gait cycle during targeted walking in control 
participants (Fig. 3A, B). Changes between walking conditions were statistically not 
different between the two body sides (Supplementary table 1 & 2); therefore only data of 
the right side are shown. In the stance phase, there was a significant increase of relative 
intensity in the 38 Hz frequency band during targeted walking in TA and GM. Additionally, 
GM showed significant increases in relative intensity in the lowest two frequency bands 
and decreases in intermediate frequency bands (92 & 128 Hz, Fig. 3B). ST showed a 
significant increase of relative intensity in the 7, 19 and 38 Hz band during targeted 
walking in the swing phase, whereas TA showed a significant increase in the 19 Hz in the 
late swing phase (TA swing 2). The increase of relative ST intensity in the 38 Hz band during 
the swing phase was the most prominent change in frequency characteristics between the 






















































































































































































































































































intensity heatmaps (Fig. 3A). This coincides with the increased activity of ST right before 
heel-strike during targeted walking. 
Individuals with iSCI showed fewer and less pronounced changes in frequency 
characteristics of muscle activity (Fig. 4). During stance, the only significant changes were 
found in the GM of the MI side with significant increases in the highest two frequency 
bands (218 & 271 Hz). In TA, there was a significant increase in relative intensity in the 62 
Hz band on the MI side in the late swing phase during targeted walking. In the ST during 
swing, there was an increase in relative intensity in the 38 Hz band during targeted 
walking, which was only statistically significant on the LI side. The shift of frequency in ST 
muscle activity during the swing phase in the LI leg is observable in the time-frequency-
intensity heatmaps. However, the delta of relative EMG intensity in the 38 Hz band 
between normal and targeted walking in the ST during the swing phase was on both sides 
statistically smaller than in controls (Kruskal-Wallis test: H(3)=14.92, p<0.001; r controls vs. 
MI iSCI: Z=3.758, p<0.001, r= 0.62; r controls vs. LI iSCI: Z=2.429, p=0.045, r= 0.40; Fig. 5A).  
iSCI impairment level and subgroup analyses for speed 
For the whole iSCI group, the delta in relative intensity in the 38 Hz band in the ST during 
swing was significantly correlated with the performance in the 6MWT (MI & LI), the 
accuracy in the targeted walking task (MI) and the clinical vibration score (MI) (Fig. 5B-D). 
No correlations with further clinical scores (AIS light touch, LEMS, pin prick) or the 
confounding factor age were observed. Furthermore, no correlation was found in the 
control group between the delta in relative intensity in the 38 Hz band in ST during swing 
and accuracy in the targeted walking task (Spearman-correlation; r=-0.01, n=21, p=0.976), 
6MWT performance (Pearson-correlation: r=0.03, n=21, p=0.9030) or treadmill speed 
(r=0.11, n=21, p=0.635). 
To investigate effects of walking speeds on our findings, we performed a speed-matched 
subgroup analysis (Controls: n=7, 3.4 ± 0.3 km/h; iSCI: n=6, 3.4 ± 0.2 km/h). Speed and 
maximal step length were not significantly different in these two subgroups 
(Supplementary table 3), indicating that the targeted walking sequences were highly 






















































































































































































































































































overall cohorts (Fig. 6A). Individuals with iSCI in this subgroup showed more pronounced 
changes in muscle activity than the whole iSCI cohort and were more comparable to the 
control group. However, there was only a trend towards an increase of the ST before heel-
strike and it was significantly smaller than in the control participants (Fig. 6A-C, Mann-
Withney-U-test: U=27.00, p=0.003, r=-0.58). Control participants in the speed-matched 
subgroup also demonstrated a prominent increase of relative intensity in the 38 Hz band 
of ST during swing during targeted walking, which was significantly larger than the delta in 
individuals with iSCI (Fig. 6D, U=39.00, p=0.020, r=-0.45). In this speed-matched subgroup, 
control participants and individuals with iSCI did not show decreased step length during 
targeted compared to normal walking (Wilcoxon signed-rank tests; controls: right: -3.9%, 
Z=-0.734, p=0.926, n=7, r=0.19; left: -1.5%, Z=-0.314, p=1.0, n=7, r=0.08; iSCI: MI: -4.0%, 
Z=-0.943, p=0.690, n=6, r=0.27; MI: -4.0%, Z=-0.943, p=0.690, n=6, r=0.27). 
Discussion 
This study builds upon previous findings on corticospinal control during targeted walking in 
controls
11–13
 and applies the task to individuals with iSCI. While the overall kinematic gait 
pattern remained similar between walking conditions, control participants showed distinct 
adaptations of EMG patterns and frequency characteristics during targeted walking. As the 
targeted walking task depends on anticipatory adaptations to randomized visual cues, 
differences between normal and targeted walking are likely caused by enhanced 
corticospinal control of locomotion with considerable contribution of the primary motor 




. Locomotor adaptations 
were impaired in individuals with iSCI and correlated with the respective impairment level 
in walking capacity and proprioception, probably reflecting patients’ integrity of 
corticospinal control of locomotion.  
Corticospinal control during targeted walking in control participants 
The most prominent difference in control participants was an increased activity in the ST 
during the swing phase in targeted compared to normal walking. As the ST extends the hip 
and flexes the knee, this increased muscle activity was likely involved in decelerating and 
























































































































































































































































































. Remarkably, this finding replicates in humans those of Escalona et al, who 
observed ST activation in the late swing phase during targeted walking in cats
9
.  
Corticospinal contribution to these prominent changes in ST activation during swing is 
further supported by observations in the EMG time-frequency analysis in connection with 
findings of previous studies. The most notable shift, observed in ST but also in TA and GM, 
was an increase of relative intensity in the 38 Hz and also the 19 Hz bands during targeted 
compared to normal walking. This was accompanied by a decrease of relative intensity in 
high frequency bands, reproducing findings of a previous study and broadening these 
results to proximal muscles
13
. The 19 Hz band overlaps with and the 38 Hz band is within 
the frequency range linked to corticospinal drive (20 – 60 Hz, cortical drive frequencies), in 
which increased corticomuscular coherence during targeted walking
12
 and increased 
intermuscular coherence during gait adaptations
21
 have been observed. The results of this 
study further support the notion that intensity shifts to the 20 – 60 Hz range and not only 
increased synchrony indicate different corticospinal control demands with possibly higher 
contribution from the motor cortex
13
. 
Vastus medialis also showed increased activity during swing, underlining that VM together 
with ST controls final foot position through co-contraction. All lower limb muscles 
exhibited increased muscle activity either directly after foot strike or during stance phase. 
This is most likely caused by more balance requirements during targeting or increased 
contribution of the stance leg to the reaching of the swing leg
36,37
. Increases in 
corticospinal drive frequencies during stance were present in TA and GM but much more 
subtle than during the swing phase in ST, possibly indicating different changes of 
corticospinal control. Since brainstem and spinal centers have an important role in 
adjustments of balance and postural control
38–41
, it is very likely that they are involved in 
adaptations during stance phase in targeted walking besides cortical centers. However, the 
applied EMG-based time-frequency analysis is only able to gauge the involvement of 
corticospinal control in visually-guided targeted walking and does not provide information 
on the contribution of alternative, locomotor-relevant neural systems (e.g. descending 






















































































































































































































































































Whereas the overall kinematic pattern remained comparable between walking conditions, 
reduced ROM and altered toe height in swing during targeted walking likely represent 
anticipatory strategies to increase time to react or retain options during targeting. 
Reduced toe height before heel-strike was associated with increased plantarflexion during 
targeting, as participants tended to approach the cross with the forefoot. This is further 
demonstrated by an additional second burst of GM activity towards the end of swing 
phase during targeted walking. Consequently, the rollover process was less pronounced, 
which is in line with a reduced peak EMG activity in the TA muscle after heel-strike
42
. 
Previous studies have reported that corticospinal projections are pronounced in the flexor 
TA and a prominent role of corticospinal control during locomotion has been 
demonstrated for this muscle
34,43,44
. The results of this study similarly implicate increased 
corticospinal control of TA around heel-strike during targeted walking. Nevertheless, our 
results suggest that corticospinal control is more increased in the flexor ST than in TA 
during our targeted walking task, in line with the reasoning that proximal muscles assist 
foot placement
9,45
. GM is a distal muscle which assists foot placement by influencing step 
length
46
, however, our findings similarly demonstrate higher adaptations in the leg in 
swing than in the contralateral leg in stance phase. Other muscles that were not recorded 
in this study might also contribute substantially to adjustments during targeted walking. 
This includes hip flexors for the control of step length and hip abductors for step width
47
.  
Impaired corticospinal adaptations after iSCI 
Although control participants and individuals with iSCI were able to hit the majority of 
crosses, individuals with iSCI performed significantly worse, replicating results from animal 
experiments with similar tasks
8,9
. The poorer precision exhibited by iSCI patients may, on 
one hand, be caused by damage to descending motor tracts, leading to insufficient motor 
adaptation. On the other hand, damaged ascending pathways may provide insufficient 
feedback for sensory integration
48
. Individuals with iSCI with greater sensory deficits 
showed a trend towards worse targeting precision, highlighting the importance of 






















































































































































































































































































indicating that the two measures represent different aspects of motor performance as 
previously shown with LEMS and locomotion
49
.  
Besides reduced precision, individuals with iSCI showed impaired adaptation in muscle 
activity patterns during targeted walking, presumably reflecting reduced corticospinal 
control abilities. The prominent increase in ST activity demonstrated by control 
participants during swing in targeted walking was impaired in individuals with iSCI. This 
result again echoes Escalona et al, where the putatively cortical ST activation prior to paw 
placement disappeared after cord hemisection
9
. The interpretation of impaired 
corticospinal adaptations is further supported by the specific reduction of the shift 
towards corticispinal EMG frequencies in our iSCI population, which was observed in 
control participants during targeted walking
13
. It is unclear whether this is related directly 
to reduced corticospinal control (damaged descending tracts or reduced sensory feedback 
for integration) or rather is due to corticospinal drive being already at maximum during 
normal walking in individuals with iSCI due to higher attentional demands required to 
compensate deficits
50–52
. Besides the reduction of corticospinal EMG frequency shifts, 
individuals with iSCI showed increased activity in GM during stance phase in the higher 
frequency bands in direct contrast to the changes observed in control participants. Less is 
known about higher frequency bands, but this may indicate that individuals with iSCI 
activate more fast motor units during targeted walking
33,53
, possibly representing a 
compensation strategy.  
Our findings in EMG frequency characteristics suggest that changes in relative intensity of 
corticospinal drive frequencies during targeted walking may be a marker of the integrity of 
corticospinal control of locomotion, as has been observed for intermuscular coherence in 
these frequencies
22–24,54
. Less-impaired individuals showed greater increases in relative 
intensity of corticospinal drive frequencies during targeted walking than more-impaired 
individuals. This suggests that this shift might allow the distinction of different levels of 
corticospinal control and could be used for monitoring effects of rehabilitation and 
treatments on corticospinal control, which would be of high clinical relevance. Synchrony 
between muscles in corticospinal drive frequencies has already been shown to increase 
























































































































































































































































































Test-retest reliability of EMG frequency characteristics is adequate enough for 
assessments in rehabilitation settings
56,57
, however, as this study did not involve a direct 
measure of corticospinal control and interpretations of frequency shifts were only based 
on literature, the validity needs further investigations. Comparisons to more direct 
measurements of corticospinal control (e.g. transcranial magnetic stimulation, 
electroencephalography) are required to confirm our findings. Besides this, large cohort 
trials with different lesion severities and at different stages of rehabilitation are required 
to evaluate the sensitivity of EMG time-frequency measures to gauge corticospinal control 
and its possible inferences on community walking function. The marked increase of 
corticospinal control during targeted walking in controls further suggests that the task may 





The relatively good performance of individuals with iSCI during targeted walking despite 
presumed impaired corticospinal control suggests that they may compensate with 
alternative neuronal systems. Alternatively, this may relate to methodological limitations. 
We used a binary classification for precision as used in previous studies
8,9,12
, but it remains 
possible that the observed changes in gait control are responsible for precision on a higher 
level. This issue could also explain similar accuracy between the MI and LI leg in individuals 
with iSCI. 
In wavelet analysis, fatigue has been associated with an increase in EMG intensities in 
lower frequency bands (7-88 Hz)
59
, an unlikely confounder for EMG results in this study as 
this was in line with the effect observed in the control group, not the iSCI group more 
susceptible to fatigue. However, fatigue might have negatively influenced concentration 
and consequently the accuracy performance. The length of the treadmill limited the 
maximal projection step length to 66cm during targeted walking, leading to some 
participants walking with shorter steps than during normal walking. However, as control 






















































































































































































































































































average step length between walking conditions, it can be concluded that the observed 
differences between groups are not caused by this issue. 
Conclusion 
Normal treadmill walking may not be demanding enough to allow the detection of 
differences in corticospinal control in ambulatory individuals with iSCI, potentially masking 
treatment and therapy effects and the distinction between spinal and supraspinal aspects 
of locomotion. By analyzing EMG patterns and frequency characteristics, this study 
identifies corticospinal control strategies in control participants during targeted walking, 
which were most prominently in ST. In chronic iSCI, these strategies appear to be disturbed 
and result in less precise foot placement. Targeted walking may hold potential as an 
investigative and rehabilitative locomotor modality for the detection and promotion of 
functional integrity of corticospinal control in individuals with iSCI and other neurological 
impairments, which should be further explored in future studies. 
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Table 1: Group characteristics. Characteristics of the two populations (mean ± SD or 
median ± range for clinical scores). P-values are for statistical comparisons between the 
groups (independent t-test for age, height weight, 6MWT, speed, maximal step length, 
maximal step width, precision; Chi-square test for gender; Mann-Whitney U-test for motor 
score, sensory scores (light touch & pinprick), vibration, position sense and modified 
Ashworth scale). 6MWT, 6-minute walking test; n/a, not applicable. 
  Control group iSCI p-value 
n 21 16 
 
Gender [female : male] 9 : 12 5 : 11 0.47 
Age [years] 53.4 ± 13.9 51.7 ± 8.6 0.67 
Height [cm]  172.0 ± 6.9 167.3 ± 30.2 0.42 
Weight [kg]  70.3 ± 9.9 80.8 ± 28.2 0.46 
6MWT [m] 721 ± 87 483 ± 137 < 0.01 
50% of maximal speed 
[km/h] 
4.0 ± 0.5 2.7 ± 0.7 < 0.01 
Maximal step length [cm] 154.7 ± 12.4 125.5 ± 31.8 < 0.01 
Maximal step width [cm] 31.5 ± 3.0 30.3 ± 5.0 0.34 
Precision [%] 94.9 ± 4.0 82.9 ± 14.7 < 0.01 
AIS n/a D (16) n/a 






























































































































































































































































































disc herniation (2) 
n/a 
Lower extremity motor 
score both legs (max. 50) 
(MI/LI for iSCI) 
50 ± 0 
 
 
49.5 ± 14 
(24.5 ± 13/  




Sensory score light touch  
both sides (max. 112) 
(MI/LI for iSCI) 
 
112 ± 0 
 
 
101 ± 52 
(50.5 ± 26/  





Sensory score pin-prick 
both sides (max. 112) 
(MI/LI for iSCI) 
 
112 ± 0 
 
 
87.5 ± 75 
(39.0 ± 47/  




Vibration sense both lower 
limbs (max. 64) 
(MI/LI for iSCI) 
  
64 ± 11 
 
 
47.5 ± 40 
(23.0 ± 24/  




Position senseboth  lower 
limb (max. 4) 


























































































































































































































































































(2 ± 4/  
2 ± 4) 
 
 
Modified Ashworth scale 
both legs (max. 16) 
(MI/LI for iSCI) 
 
0 ± 0 
 
 
0 ± 7 
(0 ± 7/  





























































































































































































































































































Figure 1: EMG patterns during normal and targeted walking in control participants and 
individuals with iSCI. A) Experimental setup (University of Zurich, Information Technology, 
MELS/SIVIC, Tara von Grebel). B) Mean power (RMS) of EMG activity for control 
participants and individuals with iSCI during the stance and swing phases (mean ± standard 
error of the mean). The targeted walking condition is presented relative to normal walking 
EMG activity (blue line). Data for the control group right and left VM (r: n=20; l: n=19), TA 
(r: n=20; l: n=21), GM (r: n=21; l: n=20) and ST (r: n21=; l: n=21) is shown together with the 
same muscles for the more and less impaired side of the individuals with iSCI (n=16). 
Asterisks indicate a significant difference between normal and targeted walking (α= 0.05) 
tested by Wilcoxon signed-rank tests with Bonferroni correction for multiple comparisons. 
C) Rectified and averaged EMG activity of control participants during normal (mean ± 2 
standard deviations) and targeted walking (mean) for right and left VM, TA, GM and ST (for 
n see section B). The EMG amplitudes were normalized to the 95
th
 percentile intensity 
during normal walking. D) Rectified and averaged EMG activity of individuals with iSCI 
(n=16) during normal (mean ± 2 standard deviations) and targeted walking (mean) for 
more and less impaired VM, TA, GM, ST. The EMG amplitudes were normalized to the 95
th
 
percentile intensity during normal walking. a.u., arbitrary unit; iSCI, incomplete spinal cord 
injury; RMS, root mean square; R, right; L, left; MI, more impaired; LI, less impaired; SD, 
























































































































































































































































































Figure 2: Kinematic patterns during normal and targeted walking in control participants 
and individuals with iSCI. A) Average sagittal joint angles of controls (n=21) for right and 
left hip, knee and ankle during normal (blue, mean ± 2 standard deviations) and targeted 
walking (red, mean). B) Average sagittal joint angles of individuals with iSCI (n=16) for 
more and less impaired hip, knee and ankle during normal (blue, mean ± 2 standard 
deviations) and targeted walking (red, mean). C) 2D illustration of the average toe 
trajectories for control participants (n=21) and individuals with iSCI (n=16) during normal 
(blue) and targeted walking (red). The anterior-posterior position was normalized to the 
sacrum. D) ROM (mean ± standard error of the mean) of controls (n=21) and individuals 
with iSCI (n=16) for hip, knee and ankle during the stance and swing phases. The targeted 
walking data is presented relative to normal walking, which is indicated by a blue line. 
Asterisks indicate a significant difference between normal and targeted walking (α= 0.05) 
tested by Wilcoxon signed-rank tests with Bonferroni correction for multiple comparisons. 
E) Stick figures during normal and targeted walking for the right and left leg of control 
participants. F) Stick figures during normal and targeted walking for the more and less 
impaired leg of individuals with iSCI. iSCI, incomplete spinal cord injury; R, right; L, left; MI, 























































































































































































































































































Figure 3: EMG frequency characteristics during normal and targeted walking in control 
participants. A) Average time-frequency-intensity heatmaps (wavelet transformation) for 
control participants right VM (n=20), TA (n=20), GM (n=21) and ST (n=21). The EMG 
intensity (amplitude) was normalized to the 95
th
 percentile intensity during normal walking 
(over all bands) for each individual. The color scale of the heatmap ranges from 0 to the 
maximal intensity of the 2 conditions for each muscle. The frequency band of the maximal 
intensity during normal walking is indicated for both conditions with a dashed red line. B) 
Average (mean± standard error of the mean) percentage distribution of EMG intensity 
across the 9 frequency bands (wavelet spectra) for physiological muscle activity within 
stance and swing phases (see methods) of control participants right VM (n=20), TA (n=20), 
GM (n=21) and ST (n=21) during normal and targeted walking. Asterisks indicate a 
significant difference between normal and targeted walking (α= 0.05) tested by Wilcoxon 
signed-rank tests with Bonferroni correction for multiple comparisons. The most 
prominent shift in intensity distribution is indicated with a red arrow. VM, vastus medialis; 























































































































































































































































































Figure 4: EMG frequency characteristics during normal and targeted walking in 
individuals with iSCI. A & C) Average time-frequency-intensity heatmaps (wavelet 
transformation) for more (A) and less (C) impaired VM, TA, GM and ST of individuals with 
iSCI. The EMG intensity (amplitude) was normalized to the 95
th
 percentile intensity during 
normal walking for each individual. The color scale of the heatmap ranges from 0 to the 
maximal intensity of the 2 conditions for each muscle. The frequency band of the maximal 
intensity during normal walking is indicated for both conditions with a dashed red line. B & 
D) Average (mean± standard error of the mean) percentage distribution of EMG intensity 
across the 9 frequency bands (wavelet spectra) for individual muscle activity phases within 
stance and swing (see methods) of more (B) and less (D) impaired VM, TA, GM and ST of 
individuals with iSCI (n=16) during normal and targeted walking. Asterisks indicate a 
significant difference between normal and targeted walking (α= 0.05) tested by Wilcoxon 
signed-rank tests with Bonferroni correction for multiple comparisons. iSCI, incomplete 
























































































































































































































































































Figure 5: Comparison of the delta in the 38 Hz band (wavelet analysis) between controls 
and individuals with iSCI and between different impairment levels within the iSCI group. 
A) Boxplot (whiskers: range) of the delta (targeted-normal walking) in the 38 Hz band in ST 
during swing for the control group (n=21) and the iSCI group (n=16). Asterisks indicate a 
significant difference between groups (α= 0.05) tested by Post-Hoc comparisons of an 
ANOVA. B) Scatter plots of the performance in the 6MWT and the delta in the 38 Hz band 
of the MI and LI ST during swing for the iSCI group. Results of a Pearson correlation are 
indicated. C) Scatter plots of the accuracy during targeted walking and the delta in the 38 
Hz band of the MI ST during swing for the iSCI group. Results of a Spearman correlation are 
indicated. D) Scatter plots of the clinical vibration score (test for proprioception) and the 
delta in the 38 Hz band of the MI and LI ST during swing for the iSCI group. Results of a 
Spearman correlation are indicated. iSCI, incomplete spinal cord injury; RMS, root mean 
square; R, right; MI, more impaired; LI, less impaired; ST, semitendinosus; 6MWT; 6-
























































































































































































































































































Figure 6: EMG characteristics during normal and targeted walking in two speed-matched 
subgroups of control participants and individuals with iSCI. A) Rectified and averaged 
EMG activity of the control subgroup during normal and targeted walking for right and left 
VM (r: n=6; l: n=6), TA (r: n=7; l: n=7), GM (r: n=7; l: n=7) and ST (r: n=7; l: n=7). The EMG 
amplitudes were normalized to the 95
th
 percentile intensity during normal walking. B) 
Rectified and averaged EMG activity of the iSCI subgroup (n=6) during normal and targeted 
walking for less and more impaired VM, TA, GM and ST. The EMG amplitudes were 
normalized to the 95
th
 percentile intensity during normal walking. C) Boxplots (whiskers: 
range) of RMS swing of ST (both leg) for subgroup of controls (n=7) and individuals with 
iSCI (n=6). The asterisk indicates a significant difference between the groups (α= 0.05) 
tested by a Mann-Whitney-Test. D) Boxplots (whiskers: range) of delta between normal 
and targeted walking in ST during swing (both leg) for subgroup of controls (n=7) and 
individuals with iSCI (n=6). The asterisk indicates a significant difference between the 
groups (α= 0.05) tested by a Mann-Whitney-Test. iSCI, incomplete spinal cord injury; RMS, 
root mean square; R, right; L, left; MI, more impaired; LI, less impaired; SD, standard 
























































































































































































































































































Supplementary table 1: Side differences of controls in EMG frequency characteristics 
during stance. Difference of relative intensity between normal and targeted walking in 
each frequency band of controls during physiological muscle activity phases in stance. P-
values indicate the results of Mann-Whitney-U tests to compare the two body sides and 
are Bonferroni corrected (for 9 frequency bands per muscle). VM, vastus medials; TA, 
tibialis anterior; GM, Gastrocnemius; ST, semitendinosus. 











7 Hz +1.4  2.4 +1.0  1.4 1.00 -0.2  2.0 -0.2  0.8 1.00 
19 Hz +1.0  2.3 +1.2  1.6 1.00 +0.3  1.6 0.0  1.5 1.00 
38 Hz +0.4  1.3 +0.6  1.3 1.00 +0.8  1.1 +0.6  1.3 1.00 
62 Hz -0.3  1.2 -0.8  1.3 1.00 -0.1  0.9 +0.3  0.9 0.83 
92 Hz -0.8  1.6 -1.0  1.3 1.00 -0.3  0.9 -0.2  1.0 1.00 
128 Hz -0.6  1.4 -0.1  0.8 1.00 0.0  0.8 -0.1  0.9 1.00 
170 Hz -0.5  0.7 -0.2  0.9 1.00 0.0  0.8 +0.1  0.8 1.00 
218 Hz -0.3  0.5 -0.3  0.6 1.00 -0.2  0.7 -0.2  0.8 1.00 
271 Hz -0.3  0.5 -0.4  0.8 1.00 -0.2  0.6 -0.2  0.5 1.00 
  GM ST 
7 Hz +0.6  0.6 +0.8  0.4 1.00 +1.2  3.0 +1.3  2.6 1.00 
19 Hz +0.9  1.1 +1.4  1.1 1.00 +0.8  3.4 +0.4  2.9 1.00 






















































































































































































































































































62 Hz -0.3  0.6 -0.9  0.9 0.49 -0.8  1.6 -0.3  1.2 1.00 
92 Hz -0.8  0.8 -1.0  0.8 1.00 -0.7  2.0 -0.8  1.6 1.00 
128 Hz -0.7  0.6 -0.5  0.9 1.00 -0.4  1.9 -0.4  1.8 1.00 
170 Hz -0.2  0.8 -0.2  0.9 1.00 -0.2  1.5 -0.5  1.6 1.00 
218 Hz -0.1  0.7 -0.1  0.7 1.00 -0.2  1.0 -0.4  1.2 1.00 
























































































































































































































































































Supplementary table 2: Side differences of controls in EMG frequency characteristics 
during swing. Difference of relative intensity between normal and targeted walking in 
each frequency band of controls during physiological muscle activity phases in swing. P-
values indicate the results of Mann-Whitney-U tests to compare the two body sides and 
are Bonferroni corrected (for 9 frequency bands per muscle). VM, vastus medials; TA, 
tibialis anterior; GM, Gastrocnemius; ST, semitendinosus. 











7 Hz +0.2  0.9 -0.1  1.3 1.00 +0.5  1.1 +0.4  0.4 1.00 
19 Hz +0.8  1.4 +0.6  1.5 1.00 0.0  1.3 +0.4  1.2 1.00 
38 Hz +0.9  1.6 +1.0  1.5 1.00 0.0  1.2 0.0  0.8 1.00 
62 Hz -0.5  1.5 +0.1  1.3 1.00 -0.2  0.9 -0.3  0.9 1.00 
92 Hz -0.3  1.5 -0.3  1.6 1.00 -0.3  0.7 -0.3  1.0 1.00 
128 Hz -0.1  0.8 0.0  1.2 1.00 0.0  0.8 -0.2  0.9 1.00 
170 Hz -0.1  0.8 0.0  0.9 1.00 0.0  0.5 -0.0  0.7 1.00 
218 Hz -0.4  0.7 -0.4  0.8 1.00 -0.1  0.5 +0.1  0.4 1.00 
271 Hz -0.5  0.6 -0.5  1.0 1.00 +0.1  0.3 0.0  0.4 1.00 
  TA 2 ST 
7 Hz +0.7  1.9 +0.4  1.0 1.00 +0.9  1.1 +0.6  2.0 1.00 
19 Hz +1.5  1.9 +1.4  1.8 1.00 +3.3  2.2 +2.9  2.1 1.00 






















































































































































































































































































62 Hz -0.2  1.1 +0.1  0.8 1.00 +1.0  1.7 +1.5  1.5 1.00 
92 Hz -0.9  1.3 -0.7  1.3 1.00 -2.3  1.8 -2.0  1.2 1.00 
128 Hz -0.6  1.5 -0.9  1.3 1.00 -2.4  1.5 -2.8  1.8 1.00 
170 Hz -0.4  0.6 -0.5  1.1 1.00 -1.7  1.6 -2.1  1.8 1.00 
218 Hz -0.5  0.6 -0.5  1.2 1.00 -1.7  1.0 -1.7  1.3 1.00 
























































































































































































































































































Supplementary table 3: Subgroup characteristics. Characteristics of the two speed-
matched subgroups (mean ± SD or median ± range for clinical score). P-values for the 
statistical comparisons between the groups (independent t-test for age, height weight, 
6MWT, speed, maximal step length & width, precision; Chi-square test for gender Mann-
Whitney U-test for motor score, sensory scores (light touch & pinprick), vibration, position 
sense and modified Ashworth scale). 6MWT; 6-minute walking test; n/a, not applicable. 
  Control group iSCI p-value 
n 7 6 n/a 
Gender [female : male] 3 : 4 2 : 4 0.72 
Age [years] 62.4 ± 8.6 52.5 ± 11.3 0.09 
Height [cm]  170.0 ± 7.7 173.2 ± 6.3 0.44 
Weight [kg]  75.2 ± 12.5 76.8 ± 18.5 0.87 
6MWT [m] 650 ± 84.1 625 ± 44 0.52 
50% of maximal speed 
[km/h] 
3.4 ± 0.3 3.4 ± 0.2 0.57 
Maximal step length [cm] 141.6 ± 8.1 158 ± 18.2 0.05 
Maximal step width [cm] 30.0 ± 2.9 30.2 ± 4.2 0.93 
Precision [%] 95.2 ± 5.7 93.9 ± 6.1 0.87 
AIS n/a D (6) n/a 





























































































































































































































































































disc herniation (1) 
Lower extremity motor 
score (max. 50) 
50 ± 0 50 ± 2 0.46 
Sensory score light touch 
(max. 112) 
112 ± 0 102 ± 28 0.02 
Sensory score pin-prick 
(max. 112) 
112 ± 0 106.5 ± 29 0.02 
Vibration sense lower limbs  
(max. 64)  
60 ± 8 55 ± 34 0.12 
Position sense lower limb 
(max. 4) 
4 ± 0 4 ± 3 0.46 
Modified Ashworth scale 
(max. 16) 
0 ± 0 0 ± 2.5 0.46 
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